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Summary 

T h i s  p s p e r   d e s c r i b e s  a s i m p l e   r e c i r c u l a t i n g  
oven  which  produces  an  atomic beam which  can  be 
b e t t e r   c o l l i m a t e d   t h a n   t h a t   f r o m  a c o n v e n t i o n a l  
oven   w i th   equ iva len t   co l l ima t ion   r a t io .   The   oven  
is  s p i l l   p r o o f  and requi res   on ly   modes t   power   for  
o p e r a t i o n .  Under s u i t a b l e   c o n d i t i o n s   t h e   t o t a l  
beam f l u x   c a n   b e   s i g n i f i c a n t l y  less t h a n   f o r  
conven t iona l   ce s ium  ovens .  T h i s  t r a n s l a t e s   i n t o  
more e f f i c i e n t   u s e   o f  t h e  ces ium  cha rge   and   l e s s  
con tamina t ion   o f   t he  beam tube .  

I n t r o d u c t i o n  

' d h i l e   h i g h   i n t e n s i t y   m o l e c u l a r  beam s o u r c e s  
have   been   advanced   cons iderably   dur ing   the   pas t  
s e v e r a l   d e c a d e s ,   t h e   b a s i c   d e s i g n   o f   t h e   l o w e r  
i n t e n s i t y   s o u r c e s   f o r   a t o m i c  beam (ces ium)  
f r equency   s t anda rds   have   r ema ined   l a rge ly   f i xed .  
T h i s  r e f l e c t s   t h e   f a c t   t h a t   s u c h   s o u r c e s   h a v e  
performed  wel l   and  development  work h a s   n a t u r a l l y  
focused  on o ther   aspec ts   o f   the   sys tems.   However ,  
r e c e n t  demands f o r   s t a n d a r d s   o f   h i g h e r   r e l i a b i l -  
i t y ,  l o n g e r   l i f e ,  more  rugged  design,  and  lower 
power  consumption  have  caused u s  t o   t a k e   a n o t h e r  
l o o k   a t   t h e  beam source   and   t o   a sk   whe the r   des ign  
improvemen t s   can   ma te r i a l ly   a f f ec t   any   o f   t he  
per formance   fac tors   ment ioned   above .   This  
q u e s t i o n   l e d  u s  t o   t h e  s t u d y  of  a r a t h e r   s i m p l e  
r e c i r c u l a t i n g  oven  which d e p a r t s   s i g n i f i c a n t l y   i n  
des ign   f rom  conven t iona l   ovens .   Whi l e   adequa te  
l i f e   t e s t s  w i l l  r e q u i r e  more t ime,   per formance  
t e s t s  show t h e  oven t o  h 3 v e  e x c e l l e n t   c o l l i m a t i o n  
c h a r a c t e r i s t i c s  which  bear on both   tube   contamina-  
t i o n  and e f f i c i e n c y   o f   u s e   o f   t h e   c e s i u m   c h a r g e .  

The   p-esent   des ign   of   the   oven   involves   one  
s i g n i f i c a n t   d i s a d v a n t a g e :   t h e   f o r w a r d  end  of  the 
oven m u s t  b e   k e p t   a t  a t e m p e r a t u r e   n e a r   t h e  
me l t ing   po in t   o f   ce s ium  to   min imize   t he   o f f - ax i s  
f l u x .  I t  a p p e a r s   t h a t   d e s i g n   m o d i f i c a t i o n s   c a n  
a m e l i o r a t e  t h i s  d i s a d v a n t a g e ,  b u t  such  modif ica-  
t i o n  is only   conceptua l   and   remains   to   be  
demonst ra ted .  

The c o n c e p t   f o r   r e c i r c u l a t i o n   i n  an  a tomic 
beam s o u r c e   i s   n o t  new [1,21. m a t  we i n t r o d u c e  
h e r e  is a p a r t i c u l a r l y   s i m p l e   i m p l e m e n t a t i o n   o f  
t h e   r e c i r c u l a t i o n   c o n c e p t   w h i c h   a l s o   y i e l d s  a very 
narrow beam p r o f i l e   a s   w e l l   a s   s e v e r a l   o t h e r  
advan tages .  

The   on -ax i s   f l ux   i n   a tomic  beam ovens  depends 
p r i m a r i l y  on t h e   s o u r c e   v a p o r   p r e s s u r e .   I t  is t h e  
c o n t r o l   o f   t h e   o f f - a x i s   f l u x  which d i f f e r e n t i a t e s  
t h r e e   c l a s s e s   o f   o v e n s   ( u n d e r l i n e d   b e l o w ) .  
I d e a l l y ,   t h e   c o l l i m a t i o n   o f   t h e  beam should 
i n v o l v e   s i m p l e   g e o m e t r i c   s h a d o w i n g ,   t h a t   i s ,   t h e  
c o l l i m a t o r   s h o u l d  j u s t  c u t   o f f   t h e   s o u r c e   e m i s s i o n  
i n   u n d e s i r a b l e   d i r e c t i o n s .  However, i t  is 
d i f f i c u l t   t o   a c h i e v e  t h i s  end   w i thou t   i n t roduc ing  
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c e r t a i n   u n d e s i r a b l e   c h a r a c t e r i s t i c s .   F o r   e x a m p l e ,  
a c a r b o n   c o l l i m a t o r   c a n  be  used t o   a b s o r b   e v e r y  
cesium  atom  which str ikes i t ,  t h u s  a c h i e v i n g   t h e  
d e s i r a b l e   e n d ,  b u t  t h e   c a r b o n   s o o n   s a t u r a t e s   a n d  
t h e   c e s i u m   d e p o s i t e d  on t h e   w a l l s  is e i t h e r  
r e -evapora t ed  or ,  i f  i t  s t i c k s ,   c a u s e s  a change   i n  
t h e   s i z e   o r   s h a p e   o f  t h e  c o l l i m a t o r .  T h i s  t y p e   o f  
oven,  which we c a l l  a dark-wal l   oven ,   demonst ra tes  
a  key p rob lem  in   oven   des ign ,   t ha t  is, d e a l i n g  
w i t h  t h e   f l u x   w h i c h   s t r i k e s   t h e   w a l l s  of t h e  
c o l l i m a t o r .  

Conven t iona l   ovens   u se   a r r ays   o f   l ong   na r row 
t u b e s   t o   a c h i e v e  good c o l l i m a t i o n .  The a r r a y  of 
narrow t u b e s  a l l o w s   f o r   h i g h e r  beam f l u x  and f o r  a 
good l e n g t h - t o - d i a m e t e r   ( c o l l i m a t i o n )   r a t i o   i n  a 
sho r t   oven .  To p r e v e n t   t h e s e   t u b e s   f r o n   b u i l d i n g  
up d e p o s i t s  of c e s i u m ,   t h e y   a r e   m a i n t a i n e d   a t   a n  
e l eva ted   t empera tu re   and   a toms   wh ich   s t r ike   t he  
w a l l   a r e   t h e n   r e - e v a p o r a t e d  w i t h  a c o s ( 8 )  
d i s t r i b u t i o n  ( 9  is t h e   a n g l e   w i t h   r e s p e c t   t o   t h e  
n o r m a l   t o   t h e   s u r f a c e )   [ 3 1 .  T h i s  re -emiss ion   f rom 
t h e   w a l l s   b r o a d e n s   t h e  beam p r o f i l e  well beyond 
tha t   p roduced  by dark-wal l   ovens C41, b u t  such 
ovens   have   nonethe less   p roven   to   be   very   workable  
i n   c e s i u m   s t a n d a r d s .   B e c a u s e   a l l   c e s i u m  is 
e v e n t u a l l y   r e - e m i t t e d   f r o m   t h e   w a l l s ,  we c a l l   t h i s  
t y p e  of  oven  a  bright-wall   oven. 

T h e  r e c i r c u l a t i n g   o v e n   d e s c r i b e d   i n  t h i s  
p a p e r   c a p t u r e s   t h e   f l u x   w h i c h   s t r i k e s   t h e  
c o l l i m a t o r   w a l l s  and r e t u r n s  i t  t h r o u g h   c a p i l l a r y  
a c t i o n   f o r   r e - u s e  by t h e   s o u r c e .  Of c o u r s e ,   t h e s e  
w a l l s   a r e   s a t u r a t e d  w i t h  cesium  and  emit  atoms 
w i t h  a c o s ( 9 )   d i s t r i b u t i o n   a l s o ,   b u t   a t  a r a t e  
which is commensura te   wi th   the   vapor   p ressure   and  
t e m p e r a t u r e   a t   e a c h   p o i n t  on t h e   w a l l .   T h i s  
e m i s s i o n   r a t e  is no t  a f u n c t i o n   o f   t h e   r a t e   o f  
a r r i v a l   o f   a t o m s   a t   t h e   w a l l ,   b u t   c a n  be g r e a t e r  
or less t h a n   t h a t   r a t e   d e p e n d i n g  upon t h e  
t empera tu re   o f   t he   wa l l .   Wi th   ce r t a in   p recau t ions  
t h e  beam p ro f i l e   f rom  such   an   oven   can   be  made 
s i g n i f i c a n t l y   n a r r o w e r   t h a n   t h a t   o f  a b r i g h t - w a l l  
oven   w i th   t he   s ame   co l l ima t ion   r a t io   and   on -ax i s  
i n t e n s i t y ,   a n d   t h e   i n t e g r a t e d   e m i s s i o n   c a n   b e  
c o n s i d e r a b l y   s m a l l e r .  

R e c i r c u l a t i n g  Oven Design 

The r e c i r c u l a t i n g   o v e n  is shown s c h e m a t i c a l l y  
i n   F i g u r e   l a .   T h e   e n t i r e   s t r u c t u r e  is f a b r i c a t e d  
of  a  porous matrix ( t u n g s t e n   o r  molybdenum) f i l l e d  
w i t h   t h e   s o u r c e  l i q u i d  ( c e s i u m   f o r   o u r   c a s e ) .  The 
f o r w a r d - f a c i n g   s u r f a c e   a t   t h e   s o u r c e   t e m p e r a t u r e  
T2 e m i t s  a f l u x   w h i c h   i s   c o l l i m a t e d  by t h e   t u b e  
whose t e m p e r a t u r e   v a r i e s   l i n e a r l y   b e t w e e n  t h i s  
s o u r c e   s u r f a c e   a n d  t h e  f ront   end   which  is h e l d   a t  
a t empera tu re  T, j u s t  above   t he   me l t ing   po in t   o f  
cesium  (301.5 K). F l u x  s t r i k i n g   t h e   w a l l s  is 
drawn i n t o  t h e  p o r o u s   m a t e r i a l   a n d   r e t u r n e d   t o   t h e  
s o u r c e   r e g i o n  by c a p i l l a r y   a c t i o n .  As no ted  
above,   any  e lement   of   the   wal l  w i l l  r a d i a t e   f l u x  
a t  a r a t e  which is commensura te   wi th   the   wal l  
t e m p e r a t u r e   a n d   t h e   a s s o c i a t e d   v a p o r   p r e s s u r e   a t  
t h a t   t e m p e r a t u r e .   T h e   r e l a t i v e   m e r i t  of t h e  
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r e c i r c u l a t i n g   o v e n   t h u s   d e p e n d s  on t h e   r e l a t i o n -  
s h i p  b e t w e e n   t h e   v a p o r - p r e s s u r e   p r o f i l e   a l o n g   t h e  
r e c i r c u l a t i n g - o v e n   w a l l s   a n d   t h e  same p r o f i l e   f o r  
t h e  b r igh t -wa l l   oven .  T h i s  i s s u e  is addres sed   i n  
t h e   n e x t   s e c t i o n .  
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Figure  1 .  a )  Schematic of a r e c i r c u l a t i n g   o v e n .  
The   parameters   shown  a re   those   used   in  
t h e   c a l c u l a t i o n s .  The i n t e r i o r   e n d  
s u r f a c e   ( a t   t h e   t e m p e r a t u r e  T2) is t h e  
p r imary   sou rce  of u s e f u l  beam f l u x .  
b )   S i m p l e   a r r a n g e m e n t   f o r   f i l l i n g   a n d  
u s i n g   t h e   r e c i r c u l a t i n g   o v e n .  With t h e  
h e a t e r   e n e r g i z e d ,   t h e   c e s i u m   a m p u l e  is 
broken by c r i m p i n g   t h e   t u b e   a n d   t h e  
l i q u i d   m e t a l  is a b s o r b e d   i n t o   t h e  
po rous   ma t r ix .  

F i g u r e  l b  shows t h e  p a r t i c u l a r l y   s i m p l e  
expe r imen ta l   a r r angemen t  which we have   used   to  
mount   and  charge  the  porous- tube  ovens  for  
p e r f o r m a n c e   a n d   l i f e  tests. The  cesium  charge is 
i n t r o d u c e d   i n t o   t h e   p o r o u s   m a t r i x  by b reak ing  the  
a m p u l e   ( c r i m p i n g   t h e   s t a i n l e s s  t u b e )  w h i l e   h e a t i n g  
the   whole  system so t h a t  t h e  cesium i s  molten.  
The  volume  of  cesium  in  the  ampule is kept  j u s t  
below t h e  volume of the   vo id   space   i n   t he   oven  
m a t r i x .   T h i s   a s s u r e s   t h a t   a l l   o f   t h e   c e s i u m  (when 
d rawn   i n to   t he   po rous   ma t r ix )  is bound by 
c a p i l l a r y   f o r c e   a n d   t h e   o v e n  is then  " s p i l l -  
p roo f" .  The simple ar rangement  for  mounting  the 
oven   has   one   s ign i f i can t   d rawback .  I t  does   no t  
p r o v i d e   f o r   e a s y   a c c e s s   f o r   m e a s u r e m e n t   o f   t h e  
oven   tempera tures .  T,  is p r o b a b l y   v e r y   n e a r   t h e  
t empera tu re  of t h e  vacuum f l a n g e   t o  which i t  is 
a t t a c h e d ,  b u t  t h e  t e m p e r a t u r e   a l o n g   t h e   t u b e  
a d j a c e n t   t o   t h e   h e a t e r   p l a c e s   o n l y   a n   u p p e r  bound 
on t h e   t e m p e r a t u r e  T2.  T2 i s  most l i k e l y   l o w e r  
and we will t r e a t  i t  a s   a n   a d j u s t a b l e   p a r a m e t e r ,  
a l t hough  we r e q u i r e   t h a t  i t  b e   c l o s e   t o   a n d  
bounded by t h e   t e m p e r a t u r e   a d j a c e n t   t o   t h e   h e a t e r .  

The c o l l i m a t o r   f o r   t h e   p a r t i c u l a r   r e c i r -  
c u l a t i n g   o v e n   d e s c r i b e d   i n  t h i s  paper   has   an  
i n t e r n a l   d i a m e t e r  (Zr) of  2 mm. Severa l   ovens  of 
t h e   s h a p e  shown i n   F i g u r e   l a   w a r e   c o n s t r u c t e d ,   b u t  
t h e   o n e   d e s c r i b e d   i n  t h i s  p a p e r   h a s   d i f f e r e n t  
d i a m e t e r   r e s e r v o i r   a n d   c o l l i m a t o r   s e c t i o n s .  The 
c o l l i m a t o r   l e n g t h  L is 0 .5  cm and   the   approximate  
o u t s i d e   d i a m e t e r  is 2.5 mm. The  oven  was 
f a b r i c a t e d   i n  2 p i e c e s .  The r e s e r v o i r  is a s o l i d ,  
p o r o u s   c y l i n d e r  of d i a m e t e r  5.3 mm and   length  1 . 3  
cm w i t h  a s h o r t   h o l e   i n   t h e   c e n t e r  of one  end 

w h i c h   p r o v i d e s   f o r   a n   i n t e r f e r e n c e   f i t  w i t h  t h e  
c o l l i m a t o r   t u b e .   T h e   c o l l i m a t o r  is porous ,  
80b,-dense  tungsten  and t h e  r e s e r v o i r ,  a l s o  
t u n g s t e n ,  is 50% dense .  

An i m p o r t a n t   c o n s i d e r a t i o n   i n   t h e   f i n a l  
d e s i g n  of an   oven   o f   t h i s  t y p e  is t h e   d i s t r i b u t i o n  
o f   c e s i u m   w i t h i n   t h e   m a t r i x .   I d e a l l y ,   a s   t h e  
cesium is d e p l e t e d ,   t h e   s o u r c e   s u r f a c e  and 
c o l l i m a t o r   s h o u l d   r e m a i n   s a t u r a t e d  w i t h  t h e  
l i q u i d .  With c a r e f u l   d e s i g n  i t  a p p e a r s   t h a t  t h i s  
can  be  achieved.  Where a t e m p e r a t u r e   g r a d i e n t  
exists i n  t h i s  c a p i l l a r y   m a t r i x ,   t h e r e  is a f o r c e  
on t h e   c o n t a i n e d   l i q u i d   i n  a d i r e c t i o n   o p p o s i t e   t o  
t h e   g r a d i e n t ,   t h a t   i s ,   t h e  l i q u i d  is forced  f rom 
t h e   h o t   t o w a r d   t h e   c o l d   r e g i o n .  With p rope r  
r e s e r v o i r   d e s i g n   a n d   h e a t e r   p l a c e m e n t ,   t h e   s o u r c e  
and   co l l ima to r   can  b e  made t o  be   t he  las t  oven 
p o r t i o n s   t o  "dry  o u t "   a n d   t h e   o v e n   o u t p u t   s h o u l d  
be q u i t e  f l a t   t o  t h i s  p o i n t .  

Modeling of Performance 

The s imple   concep t s   u sed   he re   t o   mode l  
performance  are   drawn  f rom Ramsey C31 and 
Giordmaine  and Wang C41. The l a t t e r   r e f e r e n c e  
d e v e l o p s   d e s c r i p t i o n s  of t h e  beam p r o f i l e s  for  
bo th   da rk -wa l l   and   b r igh t -wa l l   ovens .  The p r o f i l e  
f o r   t h e   r e c i r c u l a t i n g  oven  can  be  obtained  through 
s u i t a b l e   m o d i f i c a t i o n   o f   t h e i r   e q u a t i o n   ( 1 6 )  which 
d e s c r i b e s   t h e   e m i s s i o n   f r o m   e a c h   e l e m e n t  of t h e  
oven   wa l l .   The   impor t an t   d i s t i nc t ions   be tween   t he  
t h r e e   c l a s s e s  of ovens   (da rk -wa l l ,   b r igh t -wa l l   and  
r e c i r c u l a t i n g )   i n v o l v e   a s s u m p t i o n s   a b o u t   w a l l  
emis s ion   and   t hese   shou ld   be   r e s t a t ed .  

1 .  Dark-Wall Oven - The  assumpt ion   for  a 
dark-wal l   oven  is simple:  Every  atom  which 
s t r i k e s  a wa l l  is a b s o r b e d   ( n o   r e - e m i s s i o n ) .  

2 .  Bright-Wall  Oven - As s t a t e d   e a r l i e r   t h e   a t o m s  
which  s t r i k e   t h e   w a l l   i n  a b r i g h t - w a l l  oven  
a r e   r e - e m i t t e d   w i t h  a c o s ( 8 )   d i s t r i b u t i o n .  
For a c o l l i m a t o r   o f   u n i f o r m   c r o s s   s e c t i o n   t h i s  
p r o c e s s   o f   a b s o r p t i o n   a n d   r e - e m i s s i o n  of atoms 
l e a d s   t o  a vapor   p re s su re   wh ich   va r i e s  
l i n e a r l y   b e t w e e n   t h e   p r e s s u r e   a t   t h e   s o u r c e  
and ze ro  a t   t h e   e m i t t i n g  end  of t h e   t u b e  C41.  
If p o s i t i o n   a l o n g  t h e  t ube  is measured 
r e l a t i v e   t o   t h e   f o r w a r d   e n d ,   t h e n   t h e   r a t e   a t  
which a toms   a r e   emi t t ed   f rom a w a l l - s u r f a c e  
e l e m e n t   a t  a d i s t a n c e  z f rom  the  end  of t h e  
tube  is p r o p o r t i o n n l   t o  z. T h i s  assumpt ion  is 
n o t   s t r i c t l y   v a l i d   a t   t h e   f r o n t  of t h e   t u b e  
where   an   end   cor rec t ion   should  be  made, b u t  i t  
seems t o   p r o v i d e  a good d e s c r i p t i o n  of t h e  
c e n t r a l   p o r t i o n   o f   t h e  beam p r o f i l e  r 4 1 .  Some 
c a u t i o n   s h o u l d  be e x e r c i s e d   i n   a p p l y i n g   t h e  
model t o   t h e   p r e d i c t i o n   o f   t o t a l   o v e n   e m i s s i o n  
s i n c e  a l a r g e   p a r t  of t h e   t o t a l  is e m i t t e d   a t  
l a r g e   a n g l e s   w h e r e   t h e   f r o n t  end of the   oven  
is impor t an t ,  

3. R e c i r c u l a t i n g  Oven - The  vapor   pressure  of  
c e s i u m   a t   e a c h   p o i n t   a l o n g   t h e   w a l l  of a 
r e c i r c u l a t i n g   o v e n  is  t a k e n   t o  be c o n s i s t e n t  
w i t h  t h e   t e m p e r a t u r e  a t  t h a t   p o i n t  on t h e  
wa l l .  Nesmeyanov c51 g i v e s   a n   e x p o n e n t i a l  
form for vapor   p re s su re  a s  a f u n c t i o n  of 
t empera tu re   wh ich   s eems   t o   f i t   t he   vapor  
p r e s s u r e   d a t a   q u i t e   w e l l   a n d   i s   c o n v e n i e n t   f o r  
p e r f o r m i n g   t h e   c a l c u l a t i o n s   o n   t h e   r e c i r -  
c u l a t i n g   o v e n s .  I n  c a l c u l a t i n g   t h e   f l u x  
e m i t t e d  by a w a l l   e l e m e n t ,   t h e  mean v e l o c i t y  
of the   a toms   emi t t ed  by t h e   w a l l  must  be 
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inc luded .  T h i s  v e l o c i t y  is p r o p o r t i o n a l   t o  
t h e   s q u a r e   r o o t   o f   t h e   t e m p e r a t u r e   o f  t h e  wall 
C31. For   t he   s imp le   un i fo rm  tube   o f   f i gu re  
l a ,  the   t empera ture   can   be   assumed  to   vary  
l i n e a r l y   b e t w e e n  T1 and  T2. 

Fol lowing   the   assumpt ions   ou t l ined   above   ( in  
3) t h e  beam i n t e n s i t y   a s  a f u n c t i o n  sf t h e   a n g l e  8 
can  be w r i t t e n   a s  

U ,. 

0 

where K = 1.458 x is a c o n s t a n t  
( i n c l u d i n g   P l a n c k ’ s   c o n s t a n t   a n d  t h e  mass o f   t h e  
cesium  atom), a is t h e   t u b e   r a d i u s ,   p ( T )  is t h e  
p r e s s u r e  as a f u n c t i o n   o f   t e m p e r a t u r e   [ 5 1 ,  T = T1 
+ z(T2 - T 1 ) / L ,  L is t h e   l e n g t h   o f  t h e  c o l l i m a t o r ,  
S = t a n ( 8 ) / 2 a  and t h e  upper limit U o f  t h e  
i n t e g r a l   d e p e n d s   o n   t h e   i n t e r v a l   o f  8 t h a t  is 
cons ide red .  For 9 < t an- ’ (2a /L) ,  U - L and   fo r  
tan-’   (2a/L)  < 8 < n/2 ,  U = 2 a / t a n ( 8 ) .  The  
i n t e n s i t y  is i n   u n i t s   o f   a t o m s / s e c o n d / s t e r a d i a n  
and a l l  o t h e r   q u a n t i t i e s   a r e   e x p r e s s e d   i n  SI 
u n i t s .  The f i r s t  term of  t h e  e x p r e s s i o n   g i v e s  t h e  
c o n t r i b u t i o n   f r o m   t h e   s o u r c e   a t  T2 which is j u s t  
t he   da rk -wa l l -oven   r e su l t   and   t he   s econd  term 
d e s c r i b e s  t h e  emis s ion  from t h e   w a l l s .  The 
equa t ion  is in t eg ra t ed   numer i ca l ly   t o   compare  w i t h  
the expe r imen ta l ly   de t e rmined  beam p r o f i l e s  and a 
s e c o n d   i n t e g r a t i o n   o v e r   a l l   s o l i d   a n g l e s   i n  the  
forward   hemisphere   y ie lds  the t o t a l  f l u x  emitted 
by t h e  oven. 

Experiment 

The beam p r o f i l e   f o r   t h e   r - e c i r c u l a t i n g   o v e n s  
was de t e rmined   u s ing  a scanning   appara tus   which  
c o n s i s t s   o f  a f i x e d  hot wire d e t e c t o r  with a l mm2 
a p e r a t u r e  a t  a d i s t ance   o f   55 .2  cm from the oven, 
t h e  a x i s   o f  which c a n   b e   t i l t e d  up t o  - 5 O  t o  
e i t h e r  s ide  of   a l ignment  wi th  t h e   d e t e c t o r .  With 
t h i s  a p p a r a t u s ,  beam p r o f i l e   c a n   b e   d e t e r m i n e d  
w i t h  a r e l a t i v e   p r e c i s i o n   ( r e s o l u t i o n )   o f  a few 
p e r c e n t .   T h e   a b s o l u t e   a c c u r a c y   o f   t h e   i n t e n s i t y  
measurements is approximately  10%. W i t h  the  
h a l f - m e t e r   s o u r c e / d e t e c t o r   s e p a r a t i o n   a n d  t h e  1 
mm2 d e t e c t o r   a r e a ,  t h e  sys t em  ave rages  t h e  beam 
f l u x   o v e r   a n   a n g l e  of a b o u t   0 . l o   y i e l d i n g   a n  
a n g u l a r   r e s o l u t i o n  which is more than   adequa te   fo r  
t h e  p r e s e n t   s t u d i e s .  A dark-wall   oven was 
c o n s t r u c t e d   u s i n g  a carbon  co l l imator   and  the peak 
i n t e n s i t y   a n d   p r o f i l e   a g r e e d  well with t h a t  
p r e d i c t e d  by t h e  dark-wal l   theory   p rovid ing  
confidence  in   the  measurement   methods.  While t h e  
ovens   could   be   scanned   in  two d i r e c t i o n s  ( t i l t e d  
abou t  two a x e s ) .  t he i r  c y l i n d r i c a l  symmetry  always 
r e s u l t e d   i n   e s s e n t i a l l y   i d e n t i c a l   r e s u l t s ,  so  
scann ing  was normally  performed  along  only  one  of 
t h e   a x e s .  

R e s u l t s  

F igure  2 shows t h e  peak beam i n t e n s i t y  
( o n - a x i s   f l u x )   o f   t h e   r e c i r c u l a t i n g   o v e n   a s  a 
func t ion   of   source   t empera ture   compared  w i t h  
t heo ry .  T h i s  peak in t ens i ty   depends   on ly   on   t he  
s o u r c e   t e m p e r a t u r e   a s   l o n g   a s   t h e  mean f r e e   p a t h  
i n  the  beam is long  compared t o  any  of  the  oven 
dimensions.  The s a t u r a t i o n   a t   h i g h e r   t e m p e r a t u r e s  
might   appear   to   resu l t   f rom  ces ium-ces ium 
c o l l i s i o n s   w i t h i n   t h e   s o u r c e   s i n c e   t h e   d e c r e a s e   i n  
mean f r e e   p a t h  wi th  i n c r e a s i n g   p r e s s u r e   s h o u l d  
e v e n t u a l l y  limit t h e  beam f l u x .  However, a s  will 
be described below.   the  exoeriments   do  not   support  
t h i s  i n t e r p r e t a t i o n .  

B 
.- 

0 
SOURCE TEMPERATURE, Kelvins 

Figure  2 .  Peak beam i n t e n s i t y   a s  a f u n c t i o n   o f  
source   t empera ture .  The d a t a  is f o r  
t h e  oven   desc r ibed   i n  t h e  t e x t  ( r  = 1 
mm and L = 4.5 cm). The peak beam 
in t ens i ty   shou ld   depend   on ly  on t h e  
sou rce   t empera tu re .  

F igu re  3 shows t h e  measured beam p r o f i l e  
compared with t h e  p r e d i c t i o n s   o f   t h e o r y   f o r  t h e  
da rk -wa l l ,   b r igh t -wa l l   and   r ec i r cu la t ing   ovens .  
The s o u r c e   t e m p e r a t u r e   i n   t h e   r e c i r c u l a t i n g - o v e n  
theory  was a d j u s t e d  to g i v e  t h e  b e s t   f i t   t o   t h e  
experiment  and t h e  dark-wall   and  br ight-wal l  
theory  then  used t h e  same source   t empera ture .  The 
t empera tu re   fo r  t h i s  best  f i t  was 1 4  K below  the 
tempera ture  measured a d j a c e n t   t o   t h e  heater. T h i s  
was c o n s i s t e n t  w i t h  t h e  discrepancy  between  theory 
and   expe r imen t   i n   f i gu re  2 .  No c o r r e c t i o n   f o r  t h e  
d e t e c t o r   a n g u l a r   r e s o l u t i o n  of - 0 . l o  was made 
a l t h o u g h ,   i f   i n c l u d e d   i n   t h e   t h e o r y ,  t h i s  
c o r r e c t i o n  would n o t   q u i t e   r o u n d   o f f  t h e  peak 
enough t o   b r i n g   c o n p l e t e   a g r e e m e n t   b e t w e e n   t h e o r y  
and   expe r imen t   i n   t he   cen t r a l   r eg ion .  

I n  an   a t t empt  t o  de termine  t h e  mechanism f o r  
t h e  s a t u r a t i o n   o b s e r v e d   i n   f i g u r e  1 ,  we measured 
the  beam p r o f i l e  w i t h  t h e  sou rce  a t  405 K ,  a 
temperature  which is  well i n t o   t h e   s a t u r a t i o n  
r e g i o n .   I f  t h e  s a t u r a t i o n  were produced by 
c o l l i s i o n s   i n  t h e  v i c i n i t y   o f   t h e   s o u r c e ,   t h e n  t h e  
e f f e c t i v e   e m i t t i n g   s u r f a c e  would  be  displaced 
forward  and t h e  c o l l i m a t i o n  would not   be  as  good, 
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t h a t   i s ,   t h e  beam p r o f i l e  would be  broadened [Q]. Discussion  and  Conclusions 
O u r  me2surements  showed  no  such  broadening, so t h e  
s a t u r a t i o n  must a r i s e  f rom  another   cause.  We will The good agreement  between  experiment a n d  
s p e c u l a t e  on t h i s   e f f e c t   i n   t h e   n e x t   s e c t i o n .   t h e o r y   f o r  t h e  beam p ro f i l e   measu remen t s   sugges t s  

F i g u r e  3 .  Beam p r o f i l e  f o r  t h ree   t ypes   o f   ovens .  The e x p e r i m e n t a l   p o i n t s  are f o r  t h e   r e c i r c u l a t i n g   o v e n  
d e s c r i b e d   i n   t h e   t e x t ,  The p a r a m e t e r s   i n   t h e   u p p e r   l e f t h a n d   c o r n e r   r e f e r  t o  F igu re  l a .  

To test  t h e   h y p o t h e s i s   t h a t   t h e   c e s i u m  is 
bound by c a p i l l a r y   a c t i o n  i n  t h e   p o r o u s   m a t r i x ,  
t he   oven  was o p e r a t e d   v e r t i c a l l y   ( e m i t t i n g  upward 
and  downward) a s  well as h o r i z o n t a l l y .   W i t h i n   o u r  
e x p e r i m e n t a l   r e s o l u t i o n   o f  ?R we found  no  change 
i n  peak  beam in t ens i ty .   Wi th   t he   oven   po in t ina ,  
downward we would  have  expected  problems  with  the 
d e t e c t o r   i f  cesium had s p i l l e d   o n t o  i t .  In  s imple  
experiments   performed  in  a s e a l e d   g l a s s   t u b e ,   t h e  
cesium  charge was  found to  b e   f u l l y   a b s o r b e d  by 
t h e  porous matrix, so these r e s u l t s  were  not 
unexpected. 

The oven  descr ibed  in  t h i s  r epor t   has   been  
o p e r a t i n g   c o n t i n u o u s l y  f o r  more than  s i x  months 
w i t h  no a p p r e c i a b l e   d e c r e a s e   i n  emitted f l u x .   T h i s  
is n o t  a p a r t i c u l a r l y   s i g n i f i c a n t  test  of t h e  
l i f e t i m e  of t h i s   t y p e  of oven, b u t  i t  l e n d s  
s u p p o r t   t o   t h e   i d e a   t h a t   c e s i u m  is e f f e c t i v e l y  
expended   f rom  the   r e se rvo i r ,   no t   t he   co l l ima to r  o? 
s o u r c e   s u r f a c e .  The oven was no t   des igned   w i th  
maximum l i f e t i m e   a s  a ma jo r   cons ide ra t ion ,  so. 
while we wi l l  keep i t  on l i f e  t es t ,  i t  will b e  
i m p o r t a n t   t o   a d d r e s s   l i f e   t e s t i n g   w i t h   a n o t h e r  
o t e n .  

t h a t   t h e  model  and a s suvp t ions  upon  which i t  i s  
based a r e   r e a s o n a b l ? .  T h e  peak beam i n t e n s i t y  a s  
a f u n c t i o n   o f   t e m p e r a t u r e  is r e a s o n 3 b l y   c o n s i s t e n t  
w i t h  t heo ry   i n   v i ew  o f  how tha t   t empera tu re  was 
measured, so one   can   a l so   conclude   thz t   the  
exper iment   an3   theory   a re   in   accord  w i t h  r e g a r d   t o  
the   magn i tude   o f   t he   peak   i n t ens i ty .  

The discrepancy  between  actual   and me3sured 
s o u r c e   t e n p c r a t u r e  is most l i k e l y  d u e  t o  3 nrodest 
t h e r m a l   r e s i s t a n c e   b e t w e e n   t h e   s t a i n l e s s  steel  
tube   and   t he   oven   r e se rvo i r .  I t  i s   p o s s i b l e   t h a t  
t h i s   t h e r m a l   r e s i s t a n c e  also p l a y s  a r o l e   i n  t h e  
" s 3 t u r a t i o n "   e f f e c t   i n   f i g u r e  2 .  As noted i n  t h e  
p r e v i o u s   s e c t i o n ,  t h i s  might   appear  t o  be a 
mean-f ree-pa th   e f fec t ,   bu t   the   beam-prof i le  
m e a s u r e m e n t s   d o   n o t   s u p p o r t   t h a t   i n t e r p r e t a t i o n .  
Th i s  a p p e r e n t   s a t u r a t i o n   c o u l d   s i m p l y   r e f l e c t  a 
non-linear  dependence of t h e   t h e r m a l   r e s i s t a n c e  
(between  the  heater   and  oven)  on t empera tu re .   I f  
l i qu id   ce s ium  p l ays  a s i g n i f i c a n t  role in   hea t  
t r a n s p o r t   b e t w e e n   t h e   s t a i n l e s s   s t e e l   s u r f a c e  and 
t h e   r e s e r v o i r ,   t h e n   v a p o r i z a t i o n  of the   ces ium a t  
h igher   t empera tures  would r e s u l t   i n  a h ighe r  
t h e r m a l   r e s i s t a n c e .  The " s a t u r a t i o n "  would then  
be a n   a r t i f a c t   r e f l e c t i n g   a n   i n c r e a s i n g   d e s c r e -  



pancy   be tween  the   ac tus1   source   t empera ture   and  
the   t empera tu re   measu red   ad jacen t   t o   t he   hea t e r .  
C l e a r l y ,  i t  w i l l   b e   i m p o r t a n t  to  u s e   d i f f e r e n t  
h e a t e r   a n 3   s e n s o r   a r r a n g e m e n t s   i n   f u t u r e   t e s t s .  

Using  the model f o r   t h e   r e c i r c u l a t i n g   o v e n ,  
we h a v e   i n t e g r a t e d   o v e r   a l l   a n g l e s   i n   t h e   f o r w a r d  
hemisphere t o  o b t a i n   a n   e s t i m a t e   o f   t h e   t o t a l  
emitted f l u x .   S i m i l a r   c a l c u l a t i o n s  were a l s o  
pe r fo rmed   fo r   t he   da rk -wdl l  and br ight -wal l   ovens .  
F o r   t h e   c o n d i t i o n s   o f   t h e   e x p e r i m e n t   d e s c r i b e d   i n  
t h i s   p a p e r   ( s e e   f i g u r e   3 ) ,   t h e   t o t a l   f l u x e s   f o r  
t h e   b r i g h t - w a l l ,   r e c i r c u l a t i n g   a n d   d a r k   w a l l   o v e n s  
a r e  3.6 x 2.2 x 1013 and  6 .2  x 10l1 
a t o m s / s e c o n d ,   r e s p e c t i v e l y .  The  t o t a l   e m i s s i o n  
from  the  dark-wal l   oven is d r a m a t i c a l l y  lower than  
t h a t  of e i t h e r   o f   t h e   o t h e r   o v e n s .  T h i s  should  be 
t h e  idea l  goa l   o f   any  new oven des ign .   Fo r   t hese  
c o n d i t i o n s   t h e   r e c i r c u l a t i n g   o v e n  is abou t   1 .6  
times a s   e f f i c i e n t   i n  i t s '  use   o f   ces ium as t h e  
b r i g h t - w a l l   o v e n .   U n f o r t u n a t e l y ,   t h e   t o t a l   f l u x  
from t h e  r e c i r c u l a t i n g   o v e n  rises a s  T1 r i s e s  and 
a t  T1 = 312 K t h e   t o t a l   f l u x  f o r  t h e  two ovens is 
about   equa l .   For   smal l   angles  ( <  5 O ) ,  t h e   s h a p e  
of t h e   c o l l i m a t e d  beam changes l i t t l e  f o r  t h i s  
i n c r e a s e   i n  T , .  I t  is p r i m a r i l y   a n   i n c r e a s e   i n  
t h e   l a r g e   a n g l e   f l u x  which  produces  the  increased 
n e t   f l u x  for the   oven .  T h u s ,  t o   t a k e   f u l l  
advantaee   o f  t h e  d e s i g n ,  i t  is necessa ry  t o  hold 
TI nea r   t he   me l t ing   po in t   o f   ce s ium  (301 .5  K). As 
wil l  be! d i s c u s s e d   s h o r t l y ,   d e s i g n   m o d i f i c a t i o n s  
m i g h t   a l t e r  t h i s  s i t u a t i o n .  

I t  i s   n o t   s u r p r i s i n g   t h a t   t h e   n e t   e m i t t e d  
f l u x   o f   t h e   r e c i r c u l a t i n g  oven c r o s s e s   o v e r  t h s t  
o f   t h e   b r i g h t - w a l l   o v e n   a s   t h e   f r o n t   t e m p e r a t u r e  
is inc reased .  One o n l y   h a s  t o  c o n s i d e r   t h e  
l i m i t i n g   c a s e   w h e r e  T1 r e a c h e s  T2 and t h i s  becomes 
obvious .   In  t h i s  limit t h e   s o u r c e  becomes 
e s s e n t i a l l y   u n c o l l i m a t e d   w i t h   t h e   t u b e   a r e a  
e m i t t i n g   f l u x   w i t h  a c o s ( @ )   d i s t r i b u t i o n .   F o r  
comparison w i t h  t h e   f i g u r e s   a b o v e ,  t h e  t o t a l   f l u x  
( f o r  T1 = T2 = 360.2 K) is 1.25 x c l e a r l y  
much worse than  for  t h e  equ iva len t   b r igh t -wa l l  
oven. T h i s  l i m i t i n g   c a s e  is a l s o   u s e f u l   a s  a test  
f o r   t h e   i n t e g r a t i o n s   a n d   t h e  form of t h e  
e q u a t i o n s .  

The models f o r   t h e   t h r e e   t y p e s   o f   o v e n s  
a p p e a r   t o  f i t  expe r imen ta l  beam p r o f i l e s   q u i t e  
well, b u t   t h e i r   a c c u r a c y   i n   p r e d i c t i n g   t o t a l  
e m i s s i o n   h a s   n o t   b e e n   r i g o r o u s l y   t e s t e d .  With 
r e s p e c t  t o  t o t a l  emiss ion ,   the   dark-wal l   and  
r ec i r cu la t ing   oven   mode l s  would  zippear t o  r e s t  
f a i r l y  s o l i d  a s s u m p t i o n s ,   s i n - e   n o   c o r r e c t i o n s  
l a r g e   a n g l e   e m i s s i o n  seem necessa ry .  However, 
we n o t e d   i n   t h e   m o d e l i n g   s e c t i o n ,   a n  end 
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c o r r e c t i o n   ( n o t   i n c l u d e d   i n  our c a l c u l a t i o n s )  is 
needed  in  the  model for  the   b r ight -wal l   oven   and  
t h i s  would a f f e c t   t h e   l a r g e   a n g l e   e m i s s i o n  as well 
a s   t h e   t o t a l   e m i s s i o n .   T h u s ,   u n t i l   t h e  models a m  
v e r i f i e d ,   t h e   e s t i m a t e s   o f   r e l a t i v e   t o t a l   f l u x  
should be c o n s i d e r e d   w i t h   c a r e .  

S e v e r a l   p o s s i b l e   m o d i f i c a t i o n s   o f   t h e   s i m p l e  
r ec i r cu la t ing   oven   can   be   cons ide red .  First, t h e  
oven  might  be  designed so  t h a t  t h e   e n t i r e   p o r o u s  
c o l l i m a t o r  i s  h e l d  n t  t h e   f r o n t   t e m p e r a t u r e  T 1 .  
For low v a l u e s   o f  T , ,  t h e  model p r e d i c t s   t h a t   t h e  
c e n t r a l  beam p ro f i l e   fo r   such   an   oven  would be 
v e r y   c l o s e   t o   t h a t   o f   t h e   d a r k - w a l l   o v e n   ( s e e   f i g .  
3 ) .  However, t h e   t o t a l   i n t e g r a t e d   f l u x   ( u s i n g   o u r  
e x p e r i m e n t a l   c o n d i t i o n s )  would n o t   b e   s i g n i f i -  
c a n t l y   s m a l l e r  thRn tha t   where   t he   wa l l   t empera -  

t u r e   v a r i e s   l i n e a r l y   b e t w e e n  T1 and T2. T h i s  is 
b e c a u s e   t h e   l a r g e   a n g l e   f l u x   d o m i n a t e s   t h e   t o t a l  
f l u x  and t h e r e   i s  l i t t l e  d i f f e r e n c e   i n   t h a t   f l u x  
for t h e  two cases. Where t h e   e n t i r e   c o l l i m a t o r  is 
h e l d   a t   T 1 ,  i t  m i g h t   a l s o   b e   p o s s i b l e   t o   f a b r i c a t e  
a p a r a l l e l   t u b e   s t r u c t u r e .  T h i s  type   o f   des ign  
(which is used  in   ovens in commercial   s tandards)  
wou ld   be   p rob lema t i c   i f   t he   co l l ima to r   had   t o  
suppor t  a l a r g e   t e m p e r a t u r e   g r a d i e n t ,   s i n c e   s u c h  a 
c o l l i m a t o r  would be  short   and  broad,   and 
ma in tenance   o f   t he   t empera tu re   g rad ien t  would most 
l i k e l y   r e q u i r e  a very   l a rge   hea t   f l ow.  

Another   des ign   modi f ica t ion ,  and o n e   t h a t  
might  impro've the   pe r fo rmance   d rama t i ca l ly ,  
i nvo lves   t he   combina t ion   o f  a br ight-wal l   and 
r e c i r c u l a t i n z   c o l l i m a t o r .  We have   cons idered   the  
a d d i t i o n  of a s e c t i o n   o f   b r i g h t - w a l l   c o l l i m a t o r   a t  
t h e   f r o n t   e n d  of t h e   r e c i r c u l a t i n g   o v e n   d e s c r i b e d  
above. The  model s u g g e s t s   t h a t   t h e  beam p r o f i l e  
and t o t a l   f l u x   f o r   s u c h  a d e v i c e  would  be  very 
c l o s e   t o   t h a t   o f   t h e   i d e a l   d a r k - w a l l   o v e n .  
Fur thermore ,   the   per formance  would not   be   degraded  
a s   s e v e r e l y  by  a r i s e   i n  T 1 .  I n   t h e  worst c a s e  
where T1 = T?, t h e   p r o f i l e  and t o t a l   f l u x  would  be 
those determined by t h e   b r i g h t - w a l l   p a r t   o f   t h e  
c o l l i m a t o r .  The  key  concern  in   the  model   for   this  
hybrid  oven is t h e   v a l i d i t y   o f   t h e   a s s u m p t i o n  
r e g a r d i n g   t h e   i n t e r f a c e   b e t w e e n   t h e   r e c i r c u l a t i n g  
and b r i g h t - w a l l   s e c t i o n s   o f   t h e   c o l l i m a t o r .  We 
have  assumed t h a t   t h e   v a p o r   p r e s s u r e   i n   t h e  
b r i g h t - w a l l   s e c t i o n   v a r i e s   l i n e a r l y   f r o m  zero a t  
t h e   e m i s s i o n  end t o  a value  commensurate  with T, 
a t   t h e   i n t e r f a c e   w i t h   t h e   r e c i r c u l a t i n g   p o r t i o n .  
The i m p r e s s i v e   p o t e n t i a l   p e r f o r m a n c e   o f   t h i s  
h y b r i d   o v e n   c l e a r l y   w a r r a n t s   f u r t h e r   s t u d y .  
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